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The preparation of casting slips containing ferrous 
powders dispersed by alginates was studied and an attempt was 
made to determine the mechanism by which suspension was attained* 
The colloidal aspects of preparing ceramic casting slips are 
discussed and an analogy Is drawn to preparation of metallic 
slips suspended by alginates.
Sodium and ammonium alginates were used to suspend stain­
less steel and iron powders. The effect of NaOH, HC1, and va­
rious phosphate additions on the properties of slips and algin 
solutions was considered.
It was found that colloidal concepts can not be applied 
to explain observed behavior in the system studied. The behav­
ior of the slips can be explained on the basis of normal cor­
rosion reactions and the tendencies of alginates to form gels 
in the presence of heavy metal ions, rather than on the basis 
of defloccollating a polydispersed colloidal system* Slips pre­
pared with sodium and ammonium alginates differ in their behav­
ior. This is explained on the basis of the characteristic pH's 
of the alginates, their behavior in the presence of hydroxyl 
ions, and the effect on corrosion of the solubility of ferrous 
hydroxide.
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General* Slip casting is a method of forming finely 
divided material into desirable shapes and consists of: (1 ) 
producing a asliptt by uniformly dispersing the finely divided 
material in a liquid medium; (2 ) pouring the ttslip® into a 
mold that will extract the dispersing medium, form the finely 
divided material Into the desired configuration, and subse­
quently allow removal of a ”green casting** possessing enough 
strength to undergo further processing; and (3) firing the 
” green casting*3 at an elevated temperature to impart desired 
physical and mechanical properties*
Utilization of the method in forming ceramic materials 
has been practiced for a long time* The use of casting slips 
as known today, had become fairly widespread by the early 
years of this century*
In recent years the slip casting process has become 
attractive as a method of fabricating parts of metal powders. 
While it cannot be expected that slip casting will replace 
conventional powder metallurgy techniques, the process could 
conceivably extend the range of application for parts made 
from powders* In slip casting inexpensive plaster molds may 
be used to impart the desired configuration to the powders* 
The shape is only limited by the ability to produce complex
2
molds, cast, and remove the desired shape* In conventional 
powder metallurgy techniques, hardened steel dies and large 
capacity presses are required to consolidate the powders so 
that they may subsequently be sintered. As the size of parts 
increases and their geometry becomes more complex, the press 
requirements become Excessively stringent* Thus, slip cast­
ing could provide a relatively inexpensive method of produc­
ing larger and more complex shapes from metal powders without 
resorting to the large presses and multiple dies required by 
normal powder metallurgy techniques*
Importance of the study. The key to the success of 
the slip casting process lies in the initial stage, or the 
preparation of a stable suspension of solid material in a 
liquid medium* If this condition is not attained, segrega­
tion results and deleteriously affects final properties*
While casting slips have been used in forming ceramic 
material for a long time, their properties remained in the 
realm of mystical phenomena for much of this period* As late 
as 1947 G. W* Phelps wrote:
Unfortunately, modern slip control as practiced by 
many ceramic plants is too often a species of black magic 
compounded from sad past experience mixed liberally with 
hearsay, and characterized by a complete lack of curi­
osity as to reasons for observed effects. As a result, 
too much faith is placed in "thus-and-such combination 
of electrolytes** or the virtues of clays from ”X district** 
over those from **Y area** as panaceas for slip ills*37
^ A l l  references are in bibliography*
3Stability of ceramic slips may be explained on the 
basis of normal colloidal concepts and inherent qualities of 
clays* Articles on slip casting metal powders appear con­
sistently devoid of any attempt to propose mechanisms by 
which the slips are "deflocculated" or the green castings 
are held together by "binders"• All that is ever reported 
is the results of mixing together various additives and pow­
ders with no justification given for their selection or any 
proposal made concerning the mechanism involved* Thus, slip 
casting of metallic powders appears to be analogous to the 
application of the process to ceramic systems prior to the
P71940s as described by Phelps*
Approach used in this work* Slip casting is basically 
a ceramic process and the fundamental criteria germane to 
producing stable clay sols have been satisfactorily deline­
ated in literature* An attempt will be made in this work to:
(1 ) use the "deflocculants" that appear most promising so far 
in producing stable metal powder suspensions, alginates;
(2 ) select finer powders than appear to have been used pre­
viously, because such powders should possess larger fractions 
approaching colloidal range and, hence, larger surface areas 
that will be more conducive to forming suspensions; and
(3 ) attempt to draw an analogy to the suspension of clay sols 
and discuss the results on this basis.
CHAPTER II
REVIEW OF THE LITERATURE
Preparation and usage of ceramic slips as a method of 
forming shapes Is an old process and as a result many articles 
on the subject appear in literature* Adaptation of the process 
to powders of a metallic nature is a recent development, so 
only a few articles may be found that mention suspensions of 
that nature*
o qIn 1936 a German patent was granted on the use of 
aqueous suspensions, both acidic and alkaline, for fabricating 
shaped bodies of refractory metals, cemented carbides, nitrides 
and borides* Information on the composition or concentration 
of the electrolytes used for the different materials was not 
found*
Rollfinke,3-*- In 1940, stated that slip casting had been 
proposed as a method of forming refractory powders but had 
never received any practical consideration*
A British patent,^-6 in 1953, described the slip casting 
of tungsten and molybdenum in plaster molds. The technique 
was evolved for crucible production but subsequently replaced 
by spinning techniques that provided a simpler method of fab­
rication* Essential parts of the process consisted of ball 
milling the powders for extended periods (as much as 100 hours 
for molybdenum) in dilute HCl,,and ultimately producing a
5slightly acidulated slip with residual acid remaining from a 
series of acid leaches, that decrease in acidity with succeed­
ing repetitions. The slip was then cast into a plaster of 
paris mold. The importance of a slow drying process was em­
phasized that was gradually raised to sintering temperature. 
This patent is particularly noteworthy because the extended 
comminution period probably produced some truly colloidal 
material, deflocculated by HC1, that maintained its own sta­
bility. Smithells38 describes an interesting former appli­
cation of colloidal tungsten, used in the production of fili- 
ments, that was first developed in 1904. A gelatinous, pasty 
mass of colloidal tungsten was produced by striking an arc 
between tungsten electrodes under water. The gelatinous mass, 
containing no binding medium, could then be squirted into thin 
threads. Heating at high temperatures in hydrogen could then 
transform the threads of colloidal material into crystalline 
metal. Consideration of these two processes provides an 
interesting analogy to ceramic clay forming techniques. In 
the first case slip casting a deflocculated clay suspension 
or the extrusion of more plastic masses into desired shapes.
In 1956 two papers were published by Lidman and Rubi- 
no22,E3 on the slip casting of type 302B stainless steel pow­
der. While both papers discuss the same work, the ABC Report 
contains a more detailed review of the work done and less 
extraneous material* In addition to the powder, the essential
6ingredients of these slips were: ammonium alginate for a 
hinder, Elvanol (polyvinyl alcohol) for elasticity, and water 
to impart fluidity* Various aids to casting were attempted 
that included centrifugal casting and heating the slip to 60°C 
prior to casting. An attempt was also made to substitute 
c o m  starch for the ammonium alginate. In general, Lidman 
and Rubino report an inability to duplicate results and make 
no mention of pH or viscosity measurements. Attempts to dry 
the green castings as 100°C resulted in materials too fragile 
for handling even though the green castings were sufficiently 
strong to allow removal from the mold.
The mechanism by which Lidman1 s and Rubino* s slips 
were suspended is not readily apparent. The reference to am- 
monium alginate being added as a “binder“ and polyvinyl al­
cohol for •‘elasticity* is difficult to rationalize. Both 
materials fall in the category of “binders* for ceramic ma­
terials. 4 Applying the term “elastic” to slips containing 
polyvinyl alcohol may come from the nature of the two mole­
cules in solution. P. DasGupta5 describe^ alginates as flex­
ible-chain carboxylic polyelectrolytes, similar to sodium- 
carboxymethyl-cellulose but of higher charge density. Schmidt 
and Marlies^® point out that cellulose molecules tend to be 
comparatively rigid due to stearic hindrance preventing free 
rotation at the oxygen bridges between repeating units. Po­
lyvinyl alcohol, however, is highly flexible and quite soluble
7in water* It was also observed by Lidman and Rubino that sub­
stitution of c o m  starch for the ammonium alginate in equiva- 
lent amounts gave suspensions too viscous to pour. Jenistyn-1** 
determined that algin solutions are about fourteen times more 
viscous than equivalent starch solutions. While the degree 
of polymerization affects the viscosity of algin solutions to 
a marked extent, 6 and polyvinyl alcohol is present in both 
cases, this observation remains difficult to explain. As a 
result of these factors, the published work of Lidman and 
Rubino fails to offer any insight into the mechanism of slip 
casting metallic powders.
Then in 1956 Hausner and Ferris3-4 published an article
on the slip casting of type 316 stainless steel powders* The
work later appeared in a more comprehensive form as AEC Report
NYO 8528.15 A later piece of work12 by Hausner appears in
AEC Report 8530, and deals with the slip casting of type 316
stainless steel along with UOg and AI2O3 . Since that time
the same material has continued to appear in literature perl** 
13 11odically. * In his various publications Hausner notes 
that the ammonium alginates offer the most promise as "defloc- 
culants" and "binders" for stainless steel powders* A minimum 
viscosity was detected in the pH range of 10-11, and the cast­
ing slips in this pH range proved conducive to obtaining op­
timum results* While Hausner apparently achieved better 
results than Lidman and Rubino, all of the publications seem
to refer to the same piece of work* Also references are made 
to data obtained from various shaped samples, so some doubt 
must exist as to the extent and continuity of this work* The 
basic constituents of Hausner* s slips were type 316 stainless 
steel powder (80^-325 mesh, 80^-100/150 mesh), water, and am­
monium alginate (Superloid). The ammount of binder, water/ 
metal ratio, and pH was varied and Hausner presented data on 
the effects of: (1) pH on viscosity; (2 ) % binder on water/ 
metal ratio required to keep a constant viscosity; (3) water/ 
metal ratio on green and sintered densities; (4) water/metal 
ratio on green strength; (5) % binder on green strength; and 
(6) pH on density.
While Hausner proposes no mechanism for deflocculation, 
he notes that minute additions of concentrated NaOH and HNO3 
were required to adjust the pH* Upon changing the pH, the 
slips exhibited a minimum viscosity between the pH range of 
10-11. It would appear that this decrease in viscosity is 
analogous to that exhibited by a clay system in a condition 
of deflocculation. Normally colloidal sols exhibit a sharp 
change in viscosity upon reaching the critical pH value re­
quired for deflocculation* Hausner*s curve shows a gradual 
decrease to minimum viscosity, but this might be explained on 
the basis of protective colloid action by the alginates. Pro­
tective colloid action would appear mandatory since even 
Hausner* s -325 mesh fraction is considerably outside the
9normal colloidal range and, due to the spherical nature of the 
powder, it would appear improbable that an adequate surface 
charge could be given the particles to promote stability* The 
alginate*s hydrophilic nature would also make this protective 
colloid action appear possible*
In 1958 Rempes, Weber and Schwartz30 published an ar­
ticle on the slip casting of metals, ceramics, and cermets*
One of the many things cast was type 302 stainless steel, us­
ing Keltex (sodium alginate) and Carbopol (acrylic acid poly­
mer) for suspension agents* Most of the materials cast con­
tained varying amounts of Carbopol and Keltex* While no 
reason was given for selecting these reagents or the ratios 
used, it may be on the basis of the characteristic pH*s exhi­
bited by the two polyelectrolytes. Keltex solutions normally 
have pH’s around 7, while the Carbopol solutions showed pH*s 
of 3. Thus, varying the ratio of the two polyelectrolytes 
could provide a method of adjusting pH without adding extra­
neous electrolytes. Again no mechanism was proposed for sus­
pending the particles and an inability to maintain suspensions 
longer than lj hours was observed. In the paper a new "film 
technique" was proposed that facilitates release of the green 
castings from the mold. This consists of pouring a 0*2# Kel­
tex solution into the mold, allowing it to stand for two mi­
nutes, draining out the excess solution, and allowing it to 
dry for three to five minutes prior to casting*
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Also in 1958 Schifferli^2 published an article on the 
slip casting of cermets. Although the article primarily con­
cerns the slip casting of AlgO^, Crf Mo* and W, it contains 
much general information on the subject and is presented in a 
very interesting manner* The mechanism employed is essential­
ly one of colloidally dispersing AlgC>3 by means of electro­
lytes, and using this suspension to support the heavier Cr,
Mo, and W powders* Schifferli also notes that small additions 
of gum arabic promote stability, probably due to protective 
colloid action*
In 1959 Schifferli published two articles on slip cast- 
ing. The first deals with design criteria imposed on cer- 
mets by slip casting, and the second concerns general con­
siderations germane to the process*
CHAPTER III
APPLICATION OF COLLOIDAL CONCEPTS TO SLIP CASTING 
I. COLLOIDAL STATE
In 1861 Graham first demonstrated the existence of 
colloids. He showed that truly soluble salts could easily 
penetrate membranes while other substances such as glue, 
starch, and silicic acid could not pass, even though they 
appeared to go into solution. Even before the existance of 
colloids was known, however, use had been made of some of 
their properties. The dispersive action of straw extract on 
clays was known to Jewish masons prior to their exodus from 
Egypt. The Chinese had also used some form of gelatin as a 
protective agent in the manufacture of ink, while the Egyp­
tians had applied acacia gum (gum arabic) for the same pur­
pose.
The colloidal state, in which surface phenomena pri­
marily determine behavior, is now known to be a classifica­
tion of size, since almost any substance may be colloidal 
under the suitable conditions. The size range to which the 
classification applies has been given many values but it is 
somewhere in the range of 0*2/</to 0*005>f.
Colloidal sols of finely divided solids in liquids 
are normally of two classifications: Cl) lyophilic (meaning
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“liquid loving1*) or (2) lyophobic (connoting “liquid hating” )♦ 
When water is the dispersing medium, the two terms are modified 
to hydrophilic and hydrophobic respectively. While a sharp 
differentiation between the two types of sols is sometimes dif­
ficult, their modes of stability differ in the following ways.
(1) Hydrophilic sols owe their stability to solvation, or sur­
rounding themselves with a water shield. In this condition 
they present no effective surface to the media and their sol­
vated shell prevents agglomeration. (2) Hydrophobic sols pos­
sess stability due to formation of a charged ionic envelope 
around the particles. The particles assume like charges and 
repel one another. In general, organic materials form hydro­
philic colloids while metal sols constitute the latter group.
Various forces act on colloidal particles suspended in 
a medium. Some of those are:
(1) Van der Waal forces * will tend to set up an at­
traction between particles. The larger the size or weight of 
the particles, the greater will be the effect of these forces. 
If the particles are kept small, however, these forces will 
not predominate unless the particles closely approach one 
another.
(2) Gravitational forces ** will tend to cause sedi­
mentation and resultant segregation. The larger the size and 
the more disparate the densities between particles become, 
the greater will be the effect of gravitational forces.
(3) Brownian movement, or the natural manifestation 
of a particle’s kinetic energy, - will oppose any forces of 
attraction as long as the particles are small and highly dis­
persed. It may promote agglomeration, though, if attractive 
forces predominate after chance collisions.
(4) Electrical charges - may be possessed by colloidal 
particles on or near their surface. These charges are pre­
sumably ions held in the particle’s surrounding lyosphere and 
give the particle a net negative or positive charge. The 
charged particle will then repel particles with like charges, 
or attract those of opposite charges.
The basic unit of a colloidal sol is the micelle, which 
consists of the colloidal particle and its surrounding lyo­
sphere. If the colloidal particle is suspended in water, a 
tightly held rigid water shell or hydrosphere will be formed 
adjacent to the surface. In the case of hydrophobic colloids, 
this hydrosphere may contain anions and cations that are 
significant in determining its properties. Ions in the hy­
drosphere may come from one of two sources: (1 ) ionization 
of the particle’s surface, or (2 ) preferential adsorption 
from the surrounding media.
That colloidal particles assume charges may be deduced 
from the fact that they migrate under the influence of an 
electric field. This phenomena is known as electrophoresis. 
For this to occur the electrical neutrality of the solution
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as a whole need not be destroyed* This was first explained 
by Helmholtz who postulated that a rigid monomolecular layer 
of counterions was formed adjacent to the charged particl&rs 
surface* This double layer theory was later modified by Gouy 
and Freundlich who proposed that the layer of counterions was 
not sharply defined in thickness* This modified double layer 
need not be confined to the hydrated shell in intimate contact 
with the particle*s surface, but may be assumed to extend some 
distance into the liquid media*
The colloidal micelle may be considered as an electri­
cal condenser, with one plate being the edge of the rigidly 
held hydrosphere and the other being the point in the media 
where the charge has fallen off to zero* The difference in 
potential, then, will be a function of the charge on the sur­
face, and may be expressed as:
£ * 47red where: e - density of surface charge 
D d - thickness of layer
D - dielectric constant of media
For a colloidal sol that owes its stability to a charged 
hydrosphere, zeta potential is of fundamental importance in 
determining when stability is at its maximum attainable value* 
When maximum repulsion between particles exists, maximum sta­
bility is obtained, and a system such as a casting slip pos­
sesses its minimum viscosity. On the basis of zeta potential 
and considering the double layer as an electrical condenser, 
ions may be chosen that promote maximum sol stability* Effects
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of these ions may then be determined either directly (elec­
trophoresis) or indirectly (viscosity).
II. CLAY SOLS
Clays in water. The term clay encompasses many dif­
ferent minerals. All are essentially lamellar aluminum-sili­
cates that differ primarily in the type bonding between adja­
cent alumina-silica sheets and the replacement of aluminum by 
iron and magnesium. The most significant feature of clays 
is their propensity towards formation of a layer lattice struc­
ture rather than a three dimensional network by linking of 
silicon-oxygen units through additional cations. As a result, 
definite layers are formed which are stacked one on top of the 
other with the bonds between layers being relatively weak.
Clays in water break up primarily along weakly bonded basal 
planes, exposing layers of oxygen and hydroxyl units. Frac­
ture across the plates of the layer lattice structure results 
in broken valency bonds between cationic and anionic compon­
ents. As the negatively charged ions are much larger than 
the positively charged ions, the former predominate in the 
external layer. Hydroxyl ions are preferentially adsorbed 
by clays when suspended in water so the net result is that 
the surface of the clays assumes a net negative charge when 
placed in water. That clays assume a net negative charge 
when placed in water may be verified by electrophoresis.
15
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Satisfactory correlation of all observed phenomena on the basis 
of structural differences of the clay minerals has not been 
done. A preponderance of experimental evidence, however, seems
to favor seme sort of preferential adsorption of anions on the
21surface of the particles, either on the corners, edges, or 
plane surfaces,^*® rendering the particles negatively charged.
During their formation natural clays come in contact 
with water solutions of various minerals. As a result they 
contain varying amounts of cations that are not an integral 
part of the crystal structure but relatively loosely held#
These loosely held cations are known as exchangable bases, and 
the degree to which they may later be released is termed the 
base exchange capacity of the clays. While various theories 
exist on this base exchange capacity of clays and its corre­
lation with the structural differences of the minerals, there 
are three factors that are definite: (1 ) it does occur, (2 ) it 
is a function of particle size (in the case of Kaolinite, at 
least), and (3 ) the reactions exhibit all the characteristics 
of true base exchange reactions.
Clay minerals, the supposedly “plastic*1 fraction of a 
casting slip, are seldom all of colloidal sizes. The colloi­
dal fraction of clay may range from for some primary 
Kaolinites, to as high as 90# for some ball clays. In ad­
dition to the clay particles that are larger than colloidal 
dimensions, there are also certain “non-plastics" such as
17
flint, talc, feldspar, and whiting that are seldom of colloi­
dal size* Thus, a casting slip is never a truly colloidal 
system, hut rather a polydispersed system with a relatively 
small amount of colloidal particles (sometimes around 15#) 
supporting the bulk of material.
When the colloidal fraction of a clay casting slip is 
introduced in water, the following simplified picture may be 
assumed to apply. The clay particles will be small platelike 
crystals composed of positive and negative ions and may have 
on their comers, edges, or plane surfaces charges incomplete­
ly balanced by ions of opposite charges. When placed in water, 
they will tend to bee one predominately negative by means of 
preferential adsorption of anions. A cloud of cations may be 
released by normal base exchange reactions to form a diffuse 
layer of counter ions in the dispersing me dim.
Clays have sufficient affinity for water that they 
might be termed hydrophilic sols. Their properties are not 
always consistant with those expected from this type suspen­
sion, however, since they are basically negatively charged 
and sensitive to small additions of electrolytes. It may be 
shown that clay slips may be readily defloeculated by consi­
dering them as hydrophobic colloids that owe stability to the 
formation of double layers after the model of Gouy-Freundlich.
Deflocculation of d a y s . Natural clays in water, as a
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rule, do not develop enough of a double layer to mutually re­
pel one another and preclude agglomeration due to chance col­
lisions as a result of Brownian movement# To increase stabil­
ity, then, and resultantly decrease the viscosity of the cast­
ing slip, electrolytes are added with respect to four criteria:
(1) Zeta potential, (2) Hofmeister series of coagulating power 
of various ions, (3) Paneth-Fajans-Hahn rules dealing with 
solubility, and (4) Shulze-Hardy rules dealing with valence.
The maximum repulsion between clay particles will exist 
when the zeta potential is a maximum# It has been previously 
noted that clay particles will tend to assume a net negative 
charge, presumably due to preferential adsorption of anions.
By introducing anions that will be most readily adsorbed, the 
surface of the d a y  partide can be given its maximum charge 
or *eM. The hydroxyl ion with its small water of hydration 
is found to be the anion most preferentially adsorbed and 
resultan tly most conducive to formation of a maximum charge 
on the surface, since the maximum number of ions possible can 
closely approach the d a y ’s surface. While 0H“ will be pre­
ferentially adsorbed, adsorption will continue in order of 
decreasing preference with CNS“, I“ , Br” , Cl", NO3", F~,
S04= . It is significant that although a preferential order 
of adsorption exists, it does not occur to such an extent as 
to exdude any Ions less preferentially adsorbed. Thus, any 
amounts of anions present other than hydroxyl (e«g# SO^”) can
be expected to exert a deleterious effect on maximum surface 
charge attainability, and as a result on stability.
It has also been mentioned that when our simplified 
clay particle comes in contact with water, it may release its 
exchangable bases and they will form a counter layer of ions 
at some distance from the surface* Cations also follow a 
preferential adsorption series, or Hofmeister series, which 
for clays is H+, Al***, Ba++, Mg++, Ca*+, N H ^ ,  K+, Na+, and 
Li*. The cations will tend to be adsorbed on the adherent 
anion layer proportional to their charge (Shulze-Hardy rules) 
and inversly to the degree of hydration* To increase zeta to 
its maximum value, it follows that this counter layer of cat- 
tions should be as large as possible so that *d“ may have its 
maximum value* From the Hofmeister series it may be seen that 
the ion least readily adsorbed and the most hydrated is Li*.
It follows then, that a counter layer of cations composed 
of Li+ or Na* would be conducive to formation of an ionic 
envelope with a maximum thickness or "d" value. As a result 
of this the relative ease with which NaOH deflocculates clays 
is indicative of the validity of considering clay particles 
as hydrophobic colloids that owe their stability of suspen­
sion to double layer formation, after the model of Gouy- 
Freundlich*
The only factor not considered in Helmholtz formula 
so far is "D", the dielectric constant. This is decreased to
19
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the minimum. value practical "by addition of a slight excess of 
electrolyte, thus, effectively increasing zeta to its maximum 
amount and the clay sol has its maximum stability.
Up to this point only deflocculation has been considered. 
Clays are also susceptible to flocculation upon the addition 
of excess electrolyte, as are other hydrophobic sols. This 
results when the counter cation layer is crowded close to the 
surface anion layer and is decreased, or in some cases, 
when surface charges are effectively nullified.
It has been previously mentioned that the common base 
exchange cations present with clays are Ca**, Mg44, Kt, and 
Ha*. The Shulze-Hardy rules, which state that trivalent ions 
will be more strongly adsorbed than divalent ions and these in 
turn more strongly adsorbed than monovalent ions, indicate 
that clays containing large amounts of these first two cations 
are neither effectively nor easily stabilized. To obviate 
this, use is made of the Planeth-Fa j an-Hahn rules governing 
solubility, and additions of NagCO^ are found to be effective 
in increasing stabilization by rendering Ca44 relatively in­
soluble as CaC03 and additions of Na£Si03 even more effective 
in removing undesirable cations. CaS04 is commonly found as 
an impurity in clays and the deleterious effects of SO4’"*- ions 
on stability may be obviated with careful additions of BaC03, 
as long as excess Ba4* ions are not introduced— Ba4*4 being a 
more undesirable cation than Ca44.
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Another Interesting application of base exchange in
slip casting is based on the fact sodium clays are less plas-
20tic than calcium clays* On this fact Johnson examined the 
possibilities of a casting process which would be based on the 
base exchange reaction Na* (OH-clay) in the slip to Ca*+ (OH- 
clay)g formed in casting* For this purpose porous molds were 
impregnated with GaClg and the slips cast therein. These 
slips exhibited marked increases in plasticity compared to 
the normally cast material,
The effect of ions on the stability of clay water sus­
pensions may also be modified greatly by the addition or pre­
sence of other colloids* The most significant and widely used 
of these is lignite, since it sometimes occurs naturally with 
the clays* As normally used, the caustic soda used to defloc- 
culate the clay particles probably digests the lignite to form 
hydrophilic organic colloids* These hydrophilic colloids 
act as protective colloids by coating the clay particles, and 
since their stability is due to solvation rather than double 
layer formation, they tend to render the slips fluidity com­
patible with wider ranges of electrolyte concentrations* Also 
used as protective colloids are tannic acid, starches, gums, 
glues, and colloidal silica.
Criteria for deflocculating clays, Clays may be defloc- 
culated by considering them as hydrophobic colloids. Based
on their intrinsic nature the following criteria have been 
established for obtaining maximum stability or minimum vis­
cosity in clay slips:
(1) Hydroxyl ions must be provided in sufficient quan­
tities to permit at least a partial saturation of active 
points on the clay particles' surface.
(2) Interfering anions (e.g. SO4*), if present in any 
quantity, must be retired as unionized salts.
(3) Cations low in the stability series (e.g. Ca44,
Ba44, Al444, H4 ) must be exchanged for one of the highly hy­
drated monovalent ions (e.g. Li4 , Na4, K4, NH44 ) and retired 
as unionized or poorly ionized salts.
(4) If conditions (2) and (3) are not met, the effects 
of interfering ions may be buffered by the use of protective 
colloids.
(5) To complete deflocculation, a slight excess of 
electrolyte is added to reduce the dielectric constant of the 
water to its minimum value possible and thus increase zeta to 
its maximum permissible value.
III. DIFFICULTIES IN APPLYING CONCEPTS 
TO IRON POWDERS
General. When a clay particle is dispersed in a water 
medium it preferentially adsorbs anions and may release cations 
that form a diffuse double layer. It is noteworthy that the
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clay particle is inert with respect to the medium except for 
this base exchange capacity.
That difficulties may be anticipated when the material 
to be dispersed is not inert with respect to the dispersing 
medium, is exemplified by the work of Vasilos and Kingsly. 43  
They made eataphoresis measurements on TiC and TIN suspensions 
and determined that stability was only attained in an acid 
media. In this case EC1 was the dispersing electrolyte with 
H* ions forming the adherent surface layer and Cl~ ions form­
ing the counter or diffuse double layer. Stable suspensions 
of TiN were difficult to obtain due to the tendency of the 
suspension to hydrolyze and form NH^OH. Analogous to the TiN, 
any iron or stainless steel powders could not be expected to 
be inert with respect to an aqueous medium. When in contact 
with water, they should be expected to react and form some 
hydrated oxide by the normal corrosion reaction.
Reaction of iron in water. Iron powders in water do 
not possess a layer lattice structure of clay minerals and 
should not be expected to break up in water to form colloidal 
fraction. Nor do iron powders in water possess a base exchange 
capacity that limits the number of cations they would introduce 
into the surrounding medium, although alteration of the me­
dium^ pH might induce the same behavior. The analogy of the 
base exchange characteristics of clays will be encompassed in
23
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the subject of corrosion of iron in neutral solutions.
It has been well established that the corrosion of iron 
is basically electrochemical in nature*7 The primary reaction 
may be expressed as:
Fe +  2H* 5^ Fe+* +  2H (Eq.l)
(metal) (ions) (ion) (atoms)
The primary reaction may then proceed upon the removal of the
film of hydrogen either by dissolved oxygen:
2H 4- iOg =£ H20 (Eq*2a)
(atoms) (dissolved) (liquid)
or by hydrogen evolution:
2H Hg (Eq*2b)
(atoms) (gas)
Reaction 1 then proceeds with the accumulation of Fa** in 
solution which is oxidized to Fe++* according to the reaction: 
B F e + + +  i02 +  HgO F e * * * * 80H~ (Eq.3)
The primary reaction 1, in the case of iron, proceeds 
so much faster than reaction £a or 2b, which must occur if 
corrosion continues, that variations in its rate are of little 
consequence under ordinary conditions. When ordinary iron 
is placed in an aqueous medium, reaction 1 always keeps enough 
hydrogen on the surface of the metal to supply reactions 2a 
and 2b which determine rate* In neutral or alkaline solutions, 
Ea controls the corrosion rate; in strongly acid solutions,
2b usually predominates. In neutral or alkaline solutions 
the rate determining factor is normally the concentration of
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oxygen in solution, hence, reaction 2a becomes most signifi­
cant, ^ 4
The degree to which corrosion continues is determined 
by the nature of the films formed between the corroding mate­
rial and the corrosion medium. In the case of ordinary iron, 
the nature of such films is strongly effected by the pH of the 
medium and its effect on the solubility of ferrous hydroxide. 
In the case of stainless steels, formation of films may even 
induce passivity under proper conditions and render the mate­
rial more "noble”.
In 1924 Speller and Texter35 pointed out that alkali 
inhibits the corrosion of iron, presumably due to the precipi­
tation of insoluble ferrous hydroxide on the surface of the 
material. They determined that the initial rate of corrosion 
was independent of alkali content but the extent of corrosion 
decreased as the alkali content of the medium became greater. 
Also in 1924 Shipley and McHaffie57 placed iron and steel 
drillings in gas free water and allowed them to stand without 
being in contact with air. Upon standing for periods varying 
from six weeks to a year, the pH of the solutions attained a 
value of 9.4. Whitman, Russell, and Davis, 46 using a differ­
ent method, determined the pH of a saturated solution of fer­
rous hydroxide was 9*6, and they showed that corrosion rates 
decreased as the solubility of ferrous hydroxide decreased. 
Murata25 in similar experiments determined the solubility of
86
ferrous hydroxide to be 9.8. In 1958 LinnenbomS4 published 
the results of another attempt to study the reaction of iron 
and water at different temperatures. He determined ferrous 
hydroxide was formed at room temperatures and the pH of his 
solutions reached 9.3.
While various investigators report disparate values for 
the pH of a saturated so3.ution of ferrous hydroxide, it has 
been fairly well established that it is formed by the reaction 
of iron and water at room temperatures. In the absence of air, 
corrosion of iron will proceed until the pH of the meditan be­
comes that of a saturated solution of ferrous hydroxide. When 
the pH of the medium exceeds that of a saturated solution of 
ferrous hydroxide, the corroding metal will have a protective 
film of Insoluble ferrous hydroxide formed on its surface that 
will inhibit further corrosion. In the presence of air the 
soluble ferrous hydroxide may be oxidized to insoluble ferric 
hydroxide as pointed out by Atkins This decrease in pH will 
allow more Fe++ ions to go into solution and corrosion to 
proceed. Thus it may be seen that adjustment of pH might be 
used in metallic slips to inhibit the extent of reaction be­
tween iron powders and water. It cannot, however, be expected 
to suppress any initial reaction of the metallic surface, re­
gardless of the alkalinity, since an outer layer of corrosion 
products is required to sequester the powders and aqueous 
medium.
Up to this point only the reaction of iron with water 
has been considered* Stainless steels exhibit greater corro- 
tion resistance than ordinary steel because they possess the 
inherent ability to easily form passive films on their sur­
face* Evans8 discusses the nature of these films and con­
cludes that they must be three-dimensional films that require 
a modicum of oxygen to produce and maintain passivity of 
stainless steel. Without its passive films, stainless steel 
is not far below plain carbon steels in the galvanic series.
As a result their characteristically low corrosion rates will 
not prevail until their film building tendency has had time 
to become operative.
While ferrous powders must be expected to react with 
an aqueous medium, analogous to the base exchange capacity of 
clays, the extent of the reaction might be limited and the 
number of cations released may be minimized by adjusting pH 
and providing an oxidizing medium.
Deflocculation of iron sols. If iron powders were 
dispersed by electrolytes alone, only a small colloidal frac­
tion might be needed to support the bulk of the suspension, 
analogous to the colloidal fraction of a clay casting slip
rzaand Shifferli's work on the slip casting of cermets.0* In 
this latter work 15# to 23# of Alg03 was used to suspend the 
bulk of the material which was chromium, molybdenum, tungsten
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or mixtures of the three*
Weiser45 discusses methods of preparation and work done 
by various investigators on hydrated ferric oxide sols and, on 
this basis, it seems rather improbable that such sols could 
materially aid deflocculation of metallic slips. The classic­
al ferric oxide sols are those of Pean de St. Gilles and 
Graham* Graham*s sol has been the basis of much work and 
differs only in certain respects from the Pean de St. Gilles 
sol. It was first prepared by peptizing gelatinous ferric 
oxide in ferric chloride solution and subsequently removing 
the excess ferric chloride by dialysis. Later investigators 
produced the sol by various methods, but the essential ingre­
dients necessary for its production are ferric chloride, 
hydrochloric acid, ferric Ions, hydrogen ions, and chloride 
ions. The Graham sol Is a positive sol with H* ions being 
preferentially adsorbed to Cl~ ions. Therefore, it is hard 
to rationalize the sol as being an assisting effect in the 
stabilization of iron powders In suspension due to their 
reactivity in acid media.
The possibility of a negative sol exists. Early re­
ferences to a negative ferric oxide sol required the presence 
of some form of protective colloid, so whether or not a truly 
negative sol was produced remains in doubt. Powis28 produced 
a negative sol, without the use of a protective colloid, by 
allowing 1 0 0cc of 0 .01N ferric chloride to run slowly with
constant shaking into 150cc of 0*Q1N sodium hydroxide* The 
sol produced was a clear brownish-yellow in color with no 
sign of precipitation after standing as long as three weeks, 
though additions of other electrolytes would readily coagu­
late it. While the possibility may exist of producing a 
negative colloid, particularly with the aid of a protective 
colloid, utilization of this method to enhance stability of 
metallic slips appears somewhat abstruse when other factors 
are considered.
Failure to positively determine any negative sol of 
iron or its oxides makes it very difficult to rationalize 
Hausnerrs15 relationship between pH of stainless steel slips 
and viscosity. The constituents of Hausner* s slips were 
type 316 stainless steel (80#-325 mesh), ammonium alginate, 
and water. The 80^-325 mesh fraction of the powder appears 
to have been an attempt to provide a small portion of col­
loidal material that could be deflocculated and suspend the 
bulk of the material, analogous to clays and cermets. Haus- 
ner*s *deflocculant*, the ammonium alginates, would be 
expected to function as protective colloids Since they are 
highly hydrophilic by nature. The shape of Hausner#s 
curve also appears to be that of a system whose stability is 
effected by a protective colloid. It undergoes a minimum 
viscosity in a pH range between 10-11* This is the approxi­
mate pH range for deflocculation of clays, as Searle and
29
30
Grimshaw note the pH range is 10-12 depending on the type 
of electrolyte used. Thus, though Hausnerfs curve could be 
logically explained for clays, no colloidal iron compound can 
be readily determined that assists in the suspension of the 
major non-colloidal portion of the material in the slip.
Alginates and algjnic acid. Alginates are water solu­
ble salts of alginic acid. 40 The acid is derived from se­
veral species of seaweed, primarily those belonging to the 
brown algae, where it occurs as a water insoluble material. 
Pure alginic acid is a white powder. It absorbs from 200-300 
times its weight in water, but is only slightly soluble in 
water. It dissolves in NaC03 to form the sodium alginate 
which is a hydrophilic colloid. The sodium alginate dis­
solves in water to produce viscous solutions with marked 
suspending and emulsifying properties. The viscosity of 
sodium alginate solutions is approximately fourteen times 
that of starch and thirty-seven times that of gum arabic.
Alginic acid consists of dHaannuronic acid units with 
glycosidic linkages, and the degree of polymerization may 
vary from approximately 220-860 mannuronate units. The ring 
structure is pyranose and the glycosidic linkages are be­
tween Ci and C4 . 18
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Structure of alginic acid:
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Alkali metal salts of alginic acid as well as ammo­
nium, magnesium, lower amine salts are water soluble, form­
ing highly viscous solutions due to their hydrophilic nature. 
Other metal alginates are insoluble in water and form gela­
tinous precipitates of metal alginates.
The viscosity of sodium alginate dissolved in water
Qhas been shown by Harkness and Wassermann to be a function 
of the amounts of various electrolytes present.
The mechanism of the viscosity changes are attributed 
to relationships between intramolecular electrostatic ef­
fects and the shape of chain-like poly electrolytes. The 
alginates in solution will constitute a polyelectrolyte 
consisting of giant chain-like macromolecules, the shape be­
ing dependent on the charge of the repeating units. In the 
case of Na alginate dissolved in water, free of electrolytes, 
it is probable that the alginate polyanion will be relatively 
extended due to the electrostatic repulsion of the ionized 
carboxylate groupings on the repeating units. The sodium
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ions, with their large water of hydration, can not effect­
ively neutralize the negatively charged polyanion. The net 
result will be a highly viscous solution due to the electro­
static repulsion of charges on the repeating -units of the 
polyanion. It is also obvious from this model that the length 
of these polyanions, or the degree of polymerization, will 
effect the viscosity.
Upon the addition of simple sodium salts, the in­
creased sodium concentration will increase the tendency to 
form pairs between the sodium and the polyanion. This will 
result in decreasing the net charge on the polyanion and with 
unbalanced charges will form a self-curling system of greatly 
reduced viscosity. For a marked folding of the polyanion 
to occur, the formation of an ionic atmosphere around the 
polyanion appears to be a necessity, so that the electro­
static repulsion of charged carboxylate groupings will be 
reduced.
Harkness and Wasserman^ found that this electroviscous 
effect played a significant role in Na alginate solutions 
which were in the range of 0.1-IN with respect to added elec­
trolyte Na^yX^". In the range of 0.1N the nature of X was 
not of any consequence, but at concentrations approaching IN 
influence of the anion became significant.
To this point only the effects of monovalent cations 
have been considered. Divalent and trivalent cations can
also attach to carboxyl groups of adjacent chain segments 
with resultant increases in viscosity or even gel formation
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It has previously been proposed that the alginates 
might function as protective colloids in metallic suspensions. 
Any corrosion reactions of the metallic particles with water 
could provide surface cations on which the alginates should 
be strongly adsorbed by means of their charged carboxyl 
groups. The adsorbed polyanions• hydrophilic nature should 
then promote stability in the suspension by creating highly 




pH determinations. A model H2 Beckman pH Meter with 
the Beckman General Purpose Glass Electrode was used to deter­
mine pH. Standardization was checked with buffer solutions 
of pH 7.0 and 9.18. For pH readings greater than 10.0, cor­
rections were applied for sodium-ion error on the basis of 
the nomograph 225-N supplied with the electrode.
Apparent viscosity determination. Measurement of ap­
parent viscosities of the algin solutions and slips was made 
using a Model LVF Brookfield Viscosimeter. This instrument 
was utilized because of its ease and simplicity of operation. 
Viscosity measurements of the algin solutions were made using 
the number 2 spindle at 12 rpm. Viscosity measurements for 
the slips were made with the number 4 spindle at 12 rpm.
The spindles should have had viscosity corrections applied 
to their readings of - 2  cps for the number 2 spindle and 
-40 cps for the number 4 spindle. These corrections were 
not applied to the values obtained due to the nature of the 
solutions and the method used to record the readings. The 
Brookfield Viscosimeter bases its viscosity determinations 
on the torque exerted by a viscous medium on a rotating
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spindle against a calibrated spring*
The algin solutions are high polymers that could be 
expected to orient themselves so as to produce the least 
resistance under the influence of shear. On this basis, 
their solutions should not be expected to possess flow under 
the influence of shear relationships exhibited by Newtonian 
liquids* A true fluid is characterized by a complete relax­
ation under the influence of a stress system other than pure 
hydrostatic pressure. In the absence of any elastic pheno­
mena the flow and viscous resistance of true liquids are 
connected with the continuous breakup and re-formation of 
molecular groups. The coefficient of viscosity, or the 
resistance to flow, is a measure of the energy associated 
with this structural breakup and reformation in the medium. 
In a Newtonian liquid the specific resistance to flow does 
not depend on shear stress. In measuring viscosity of algin 
solutions it was observed that changing spindles or speeds 
produced different viscosity values. Since the algin solu­
tions do not flow as true Newtonian liquids, the observed 
measurements were apparent rather than absolute viscosities 
and should only be viewed in a relative manner.
In measuring the viscosity of slips a gross tendency 
for the readings to change with time was noted. Different 
slips, that varied greatly in their ability to pour, would 
give viscosity measurements differing by only 1000 or
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8000 cps.
In their rheological behavior the slips exhibited a 
yield limit characteristic of a Bingham body rather than a 
liquid. As a result the observed viscosity measurements have 
little absolute meaning and only represent apparent viscos­
ities.
It was arbitrarily established that viscosity measure­
ments in the slips were recorded after the third revolution 
of the dial, so that the measurement could more readily be 
correlated with the slips resistance to pour, or their flu­
idity. In the algin solutions this was not a detectable 
problem with a specific spindle and speed. For the sake of 
continuity, measurements were made in the same manner, how­
ever, and should only be viewed in a relative way. While 
this renders the viscosity measurements qualitative rather 
than quantitative, they do fairly well represent the measure­
ment desired, i*e. fluidity. Readings were taken three times 
in the same manner and repeated if erratic values were ob­
tained.
Average particle size determinations. A Fisher Sub 
Seive Sizer was used to periodically check the powder to 
determine whether segregation had occured. This measurement 
is based on the resistance offered by a constant weight of 
powder to a constant flow of air. Intrinsically the mea­
37
surement is a function of specific surface rather than size. 
A correlation exists if spherical particles are used* but 
the powders used in this work were not spherical. This mea­
surement, then, was used only to periodically check the pow­
ders to see that segregation had not occurred as indicated 
by a change in porosity.
Molds. Plaster of Paris Molds were prepared, using 
a plaster/water ratio of 1*16/1. The molds were prepared in 
lucite forms as shown in Figure 1. The upper portion was 
coated with clear lacquer to prevent absorption of water and 
to provide a feeding compartment for the mold below.
Powders. This work was performed with three types 
of powders: (1) stainless steel, type 347, (2) stainless 
steel, type 302, and (3) iron powders.
(1) The type 347 stainless steel was fairly coarse, 
spherical, and because of the shape of the particles, pre­


















(2 ) The type 302 stainless steel was supplied by the 
P* R. Mallory Company, and it was produced by the hydrogen 
reduction of oxides. The individual particles of this powder 
were not homogeneous stainless steel. The powder was a me­
chanical mixture that upon subsequent forming would sinter 
into material whose composition corresponded with type 302 
stainless steel. The average particle size of this material 
was 12 ji, determined on a Fischer Sub Seive Sizer.
(3) The iron powder, Steelmet 100, was also supplied 
by the P. R. Mallory Company and possessed a nominal compo­
sition of 98# Fe, 1# Ni, and 1# Mn; otherwise analogous to 
their type 302 stainless steel. The average particle size 
of this material was 10 jcl.
Alginates. Three types of alginates were used in at­
tempts to slip cast the metallic powders. All three were 
supplied by the Kelco Company and have the trade names of 
Keltex, Superloid, and Marex. Keltex is a sodium salt of 
alginic acid, and Superloid and Marex are ammonium salts.
III. PROCEDURE
General. Initial work using type 347 stainless steel 
was performed in an attempt to duplicate some of Hausner*s 
work and develop technique. Both Keltex and Superloid were 
used in preparing suspensions which varied in amounts of
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powder, relative amounts of different powder fractions, water- 
powder ratio, method of adding algin, and type and method of 
adding electrolytes. In general the work was characterized 
by a complete inability to duplicate results or correlate 
specific effects to any of the constituents. Several obser­
vations were made, however, that should provide some insight 
into the mode of preparing metallic suspensions.
Viscosity and pH of the algin solutions as a function 
of concentration. It has been observed that slips produced 
using equivalent amounts of Keltex and Superloid exhibit 
different viscosities. The concentration, degree of poly­
merization, and presence of electrolytes can all effect the 
viscosity of algin solutions. To determine the relative 
viscosities and pH of the algin solutions used, a series of 
solutions varying in concentration were prepared using Keltex 
and Superloid and Marex. The viscosities and pH of the so­
lutions were determined after two hours, and the results 
appear in Table I.* The effect of concentration on the vis­
cosity and pH of the algin solutions is shown in Figure 2.*
Viscosity of slips as a function of pH. It has pre­
viously been reported and observed that the viscosity of 
slips somehow depends on pH. Additions of electrolytes into 
prepared slips tends to induce erratic behavior, but addition 
prior to introducing the alginates seemingly exerts more
* Tables appear in the Appendix; Figures in Chapter V.
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reproducible effects. In an attempt to evaluate this variable 
powders were aged for a specific period, three hours, at dif­
ferent pH*s. The powder was placed in water in excess of that 
required to produce the slip, and HC1 or NaOH added to adjust 
the pH to desired ranges. The Steelmet 100 powder used exhib­
ited an extremely basic reaction, the powder in water produc­
ing solutions in the pH range of 10*7-10.9. As a result HC1 
additions were used to adjust the pH to desired values below 
10*0. Subsequent to this aging treatment the excess water 
was withdrawn and the pH determined. This final pH will be 
assumed representative of the pH of the media during aging.
The desired amount of alginate was then added and stirred 
■until a fluid suspension was obtained. After standing two 
hours the pH and viscosity of the slips were determined. The 
results for Keltex are tabulated in Table II and results for 
Superloid in Table III. The relationship between pH of the 
slips and viscosity is shown in Figure 3, and the effect of 
final pH of the aging treatment on viscosity of the slips is 
plotted in Figure 4.
Effect of phosphate additions on the viscosity of 
slips. Previous observations indicate that phosphate addi­
tions in prepared slips produced erratic results that were 
difficult to interpret. Phosphate additions to the slips 
would be expected to remove ferrous ions from solution and
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prevent any reaction with the alginates, since they form more 
insoluble compounds with iron than do the alginates. In this 
respect, they could be analogous to sodium silicate used in 
ceramic slips and, by removal of deleterious cations, could 
allow the alginates to function as protective colloids* To 
determine the effect of phosphates on the viscosity and pH 
of slips, various amounts of monosodium phosphate, trisodium 
phosphate, and sodium hexameta phosphate (Calgon) were added 
to Keltex and Superloid solutions. Phosphate additions ranged 
from 5~ 25% of the weight of algin used. These amounts were 
chosen because they encompass the range suggested by the man­
ufacturer to prevent reaction of the alginates with heavy 
metal ions.
The phosphate additions were weighed and dissolved in 
water* The desired amounts of Keltex and Superloid were then 
placed into solution and after two hours the pH and viscosity 
determined. Steelmet 100 was then added and after two more 
hours the pH and viscosity determined if a suspension existed. 
The results of phosphate additions on Keltex solutions and 
slips appear in Table IV. The results for Superloid solu­
tions and slips appear in Table V. The effect of phosphate 
additions on viscosity and pH of slips prepared from Keltex 
and Superloid solutions is shown in Figure 5. Figure 6 shows 
the effect of the different phosphate additions on the vis­
cosity of the Keltex and Superloid solutions. In Figure 7
43
the effect of the phosphate additions on the pH of the Keltex 
and Superloid solutions is shown. The milliequivalents of 
Na+ and P04= introduced into the solutions are shown in Fig­
ure 8.
Effect of NaOH and HC1 on the pH and viscosity of 
algin solutions. In attempting to alter the viscosity of 
slips by adding electrolytes and measuring the pH, it was 
observed that results were erratic. While Keltex solutions 
seemed amenable to this treatmentt Superloid solutions seemed 
to tolerate NaOH additions with little change in pH but then 
changed rapidly. To explore this variable a systematic in­
vestigation was attempted to determine the effects of known 
additions of HC1 and NaOH on the pH and viscosity of algin 
solutions. The procedure utilized was to introduce known 
increments of NaOH and HC1 into water and measure the pH. 
Constant amounts of Keltex, Superloid, and Marex were then 
placed into solution in the medium of known pH. After two 
hours the pH and viscosity of the algin solutions were deter­
mined. The results for the Keltex solutions appear in 
Table VII, Superloid solutions in Table VIII, and for Marex 
in Table IX.
In Figure 9 the viscosity of the algin solutions is 
plotted as a function of the pH of the solutions. Figure 10 
shows the viscosity of the algin solutions as a function of 
the pH existing in the water prior to adding the alginates.
Figure 11 contains a plot of the pH existing in the algin 
solutions as a function of the pH existing in the water prior 
to adding the alginates. Figure 12 is a plot of the pH of 
the algin solutions as a function of the milliequivalents of 
NaOH added to the solution.
Effect of pH adjustments on powders in suspension. 
Previous observations (with a binocular microscope at 1G0X) 
made of green castings, that had exhibited good feeding cha­
racteristics during casting, showed the powders in a peculiar 
state of aggregation. The powders appeared as nodular ag­
glomerates, much like clusters of grapes, that appeared to 
only touch adjacent clusters in point contacts. This struc­
ture left many openings and channels between clusters and it 
was easily visualized why the slip fed into the mold properly 
and allowed rapid extraction of water. Increasing the pH by 
the addition of NaOH can effectively decrease the viscosity 
of algin solutions. On the basis of the above mentioned 
observation, an attempt was made to see how this would effect 
the powder particles in suspension. Keltex solution was 
chosen because the pH could be adjusted by drop-wise addition 
of NaOH with some degree of confidence. A Keltex solution, 
equivalent to those evaluated in the preceding section, was 
prepared. One gram of Steelmet 100 was introduced into 100cc 
of Keltex. This only resulted in altering the pH of the
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Keltex solution from 7*5 to 7*8. The solution was then split 
and HC1 used to adjust the pH of one batch and NaOH used for 
the other* After adjusting the pH, samples were withdrawn, 
placed between glass slides, and photographed at 150X on a 
Bausch and Lomb Metallograph using dark field illumination. 
The results appear in Figures 13 and 14*
CHAPTER V
DISCUSSION OF RESULTS
General, The Keltex and Superloid solutions used 
possessed characteristic pH’s approximately 7*5 and 5,3 
respectively. Addition of powder to those alginate solu­
tions produced slips that gave pH readings ranging from 8*3 
upwards, though slips produced using Superloid seldom gave 
readings greater than 9*0* The finer* powder fractions of 
the type 347 stainless steel powder produced higher pH slips 
than coarser fractions. Though the normal connotation of a 
basic reaction in a medium containing metallic surfaces is 
the corrosion reaction, this could also be indicative of 
impurities associated with the powder. Various investiga­
tors report that metal powders generally contain varying 
amounts of impurities, depending on method of production, 
and as a result they are generally unsatisfactory for cor­
rosion studies. Utilization of powders for corrosion stu­
dies generally means resorting to extensive leaching and 
preparatory treatments that insure clean surfaces and pro­
vide resproducible results. The type 347 stainless steel is 
relatively spherical, apparently produced by atomization, 
and this could account for disparate increases in basic 
reactions if they are the result of corrosion. Coarse pow­
ders, because of their greater mass and resultant slower
cooling through the oxidation range, normally are considered 
to be more oxidized than finer powders produced by atomiza­
tion* The differences in surface area between individual 
fractions and batches are also significant and perhaps pre­
dominate. Also the fact remains that the past history of 
these powders is not known. As a result, oxidation of the 
surfaces may have occurred subsequent to their manufacture 
and effected behavior in the algin solutions. All of those 
factors were considered in attempting to correlate this early 
work* While a satisfactory correlation was not apparent, 
several trends were evident.
(1) The powders produced basic solutions in both 
water and alginate solutions, the alginate solutions being 
more basic*
(2 ) Keltex solutions were more basic and less viscous 
than equivalent Superloid solutions.
(3) The basicity and viscosity of slips varied with 
the size of particles* Smaller particles seemingly produced 
more viscous slips*
Introduction of electrolytes into the slips failed to
15show the correlation previously reported by Hausner. While 
various electrolytes did exert marked influences on the vis­
cosity of the slips, the pH tended to vary erratically and 
no apparent correlation between pH and viscosity of the 
slips existed. Hausner adjusted the pH of his slips by the
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addition of HNO^ and NaOH, these electrolytes having been 
chosen on the basis of the "passivity® of the stainless steel 
towards then* That is somewhat vague, since the powders had 
already been exposed to a medium in which they might be ex­
pected to react* While the choice of those reagents is some­
what nebulous, the behavior of the slips upon their intro­
duction makes their appropriateness even more questionable* 
Introduction of NaOH into slips prepared with Keltex appears 
to cause a decrease in viscosity that may be monitored by pH 
determinations. This effect has been observed and may be 
validated by the work of Heen. 17 In studying the effect of 
NaOH on the viscosity of Na alginate, Heen shows that the 
reduction in viscosity is a function of the concentration of 
NaOH. Around the neutral point, viscosity decreases as a 
function of pH. In higher NaOH concentrations, based on 
normality, the viscosity decrease is simply an extension of 
the neutral region relationship that is measurable by pH*
The use of NaOH, to adjust the pH of Superloid solutions or 
slips prepared from them, does not appear analogous to the 
relationship existing for Keltex solutions. Introduction 
of NaOH into solutions of Superloid, an ammonium alginate, 
results in a strong evolution of ammonia. Presumably by 
the reaction:
NH4+ +  OH" ^  HgO +  NH3 
Altering the pH of slips prepared with Superloid by NaOH
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additions appears only to result in the evolution of ammonia
and erratically effects pH* In no instance was it possible
to easily adjust the pH of Superloid slips to 10.0 with small
15additions of NaOH as reported by Hausner.
The addition of HNO3 to slips also left much to be 
desired. HNO3 addition to both Keltex and Superloid slips 
resulted in evolution of ammonia. Since Keltex is a sodium 
alginate and no other source of NH4* ions in the slips were 
known, it was apparent that evolution of ammonia must be due 
to the presence of HNO3 , or the NO3" ion, rather than NH4+ 
ions in solution as a result of ionization of the alginate.
If a corrosion reaction occurs between the medium and the 
powder, which should be expected, the presence of a strong 
reducing agent may be explained. C&rsley^ determined that 
freshly precipitated hydrous ferrous oxide reduces nitrate 
quantitatively to ammonia in neutral or alkaline solutions. 
Since HNO3 additions appear incompatible with the slips,
HC1 additions were subsequently used to adjust pH.
Additions of sodium carbonate, sodium hexameta phos­
phate, monosodium phosphate, and trisodium phosphate were 
also tried in attempts to alter the properties of prepared 
slips— generally with erratic results. At that time it was 
observed that substantial reproducible reductions in slip 
viscosities could be obtained by adding NaOH, NagCO^, and 
phosphates prior to the algins.
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Difficulties in evaluating the variables, effecting pH 
and viscosity in the slips, manifested themselves in proper­
ties of the cast materials. It has been previously mentioned 
that substantial reductions in slip viscosities may be achieved 
by HaOH, NagCO^, and phosphate additions made prior to adding 
the alginates. These treatments invariably resulted in the 
powders possessing little cohesive strength after casting.
Slips produced with only algin additions to powders generally 
possessed good strength but poor feeding characteristics pre­
cluded obtaining sound castings.
Attempts were then made to slip cast the Steelmet 308 
stainless steel powder. In preparing slips, this powder ex­
hibited essentially the same behavior as the type 347 stain­
less steel. The Steelmet 302 powder, however, produced very 
basic slips without addition of electrolytes. Suspensions 
produced using Kelt ex possessed pH’s in the range of 10.3 to 
10.7, while those containing Superloid consistently gave pH’s 
around 9.5. Castings produced from slips prepared with Keltex 
possessed negligible strength. Upon removal of water by the 
mold, the powders possessed no more tendency to adhere than 
they did prior to preparing slips. Slips prepared using 
equivalent amounts of Superloid were more viscous and castings 
produced were more coherent* but lack of feeding consistently 
produced unsound castings.
Use of the "film technique" of Rempes, Weber, and
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Schwartz, for aiding in the release of castings from the 
mold, presented an interesting insight into the behavior of 
the powders. This "film technique" consists of pouring a 
0*8# Kelt ex solution into a dry mold, and after two minutes, 
draining the excess solution. After allowing the film to 
dry a few minutes, a porous membrane is formed that aids in 
releasing the casting from the mold* Use of this "film tech­
nique” resulted in castings with powder near the surface of 
the mold possessing a brownish-red coloration and increased 
cohesion. On the surface of the mold wall the formation of 
a reddish-brown coating appeared that retarded the removal 
of water by the mold* Essentially what occurred is exem­
plified by two patents dealing with the formation of water-
pproof coatings* In 1950 a Dutch patent was granted on the
formation of waterproof coatings on wallpaper* The process
consisted of allowing a soluble ferrous salt to contact paper
which had been coated with sodium alginate. The ferrous salt
was then oxidized to ferric, to form a brown waterproof coat-
41ing on the paper* The Japanese patent is basically the 
same although more analogous to this situation. It pertains 
to treating sawdust and uses a simple diffusion of ferric 
chloride, previously absorbed by the sawdust, into a solution 
of sodium alginate* This forms a waterproof brown coating 




On the basis of those patents the formation of a brown 
coating on the mold wall, that prevented removal of water 
during casting, appears due to ferric ions being carried into 
contact with the algin coated mold wall during removal of 
water by the mold* Though this is significant in establishing 
the presence of ferric ions in the slips, more important is 
the implication regarding cohesive strength between the pow­
ders. Under a binocular microscope, green castings that 
possess coherency generally exhibit a reddish-brown matrix 
between the particles. For iron powders the correlation 
between cohesive strength of green castings and formation 
of this matrix between the particles appears unique. When 
the reddish-brown matrix prevails, the green castings are 
coherent. In the absence of the matrix, which results when 
NaOH, NagG0 3, or phosphates are added to the powders prior 
to adding the alginates, little cohesion between the particles 
in green castings exists*
Effect of concentration on pH and viscosity* Figure 2 
shows the changes occurring in the viscosity and pH of the 
alginates used in this work as a function of concentration.
It can be seen that the Keltex and Superloid samples used 
produce essentially the same viscosity solutions. Keltex, 
a sodium alginate, and Superloid, an ammonium alginate, dif­
fer in the pH*s of their respective solutions. Keltex forms
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FIGURE 2.
EFFECT OF CONCENTRATION ON VISCOSITY AND pH OF ALGIN SOLUTIONS
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basic solutions while Superloid forms slightly acid ones*
Also included in Figure 2 are the results obtained with Mar ex t 
another ammonium alginate, that apparently differs from Super­
loid in its degree of polymerization. To produce solutions 
of equivalent viscosities, a much greater weight of Marex is 
required, Hausner15 found that Marex produced much stronger 
green castings than did Superloid. In Figure 2 it can be 
seen that Marex differs from Superloid chiefly in the greater 
weight required to produce equivalent viscosities. Equiva­
lent concentrations of Superloid and Marex produce different 
pH solutions, but this difference becomes less when solutions 
having equivalent viscosities are considered.
Viscosity of slips as a function of pH. In this work 
the purpose of the aging period to which the powders were 
subjected is an attempt to allow them to react with the water 
at different pH* s, and to see what effect this exerts on the 
slips. In order that the Steelmet 100 powders do react, acid 
must he added to neutralize the excessively basic reaction 
occurring upon their introduction into water. To substan­
tiate this, varying amounts of powder were added to water 
containing 0.1# NaCl and phenothalein. It was found that as 
little as 10 grams of powder in 50cc of water induced an 
Immediate color change in the phenothalein, indicative that 
the pH was greater than 10^0 and corrosion improbable. Less
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than 10 grains of powder failed to impart corrosion inhibiting 
alkalinity to the water, however, and formation of brown fer­
ric hydroxide in the supernatent liquid resulted after stand­
ing all night. These solutions also gave a positive test for 
ferrous ions with potassium ferricyanide, whereas the others 
did not*
In Figure 3 the viscosity of the slips obtained is 
plotted as a function of the pH of the slips. The slips con­
taining Superloid showed a propensity towards forming highly 
viscous slips with a pH in the neighborhood of 9.3. The slips 
containing Keltex possessed significantly lower viscosities 
and pHfs that ranged fran 9*3 upwards.
Figure 4 shows the viscosity of the slips as a func­
tion of the final pH in the aging medium. Plotted in this 
manner, it is apparent that regardless of the aging treat­
ment Superloid solutions produce more viscous slips than 
Keltex solutions. As the pH of the aging treatment became 
more acidic than 9.0, the viscosity of slips produced with 
both alginates increased rapidly* Conversely as the pH of 
the aging treatment became more basic than 1 0.0 , the vis­
cosity of the resultant slips decreased. This behavior can 
be explained on the basis of the effect of pH on the corro­
sion of iron and the behavior of alginates in the presence 
of heavy metal Ions.
At pH*s greater than that of a saturated solution of
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ferrous hydroxide, the initial corrosion product is formed on 
the surface of the reacting metal as an insoluble product, 
and the corrosion products inhibit further reaction* Liber­
ation of ferrous ions into the alginate solutions, upon sub­
sequent oxidation, would induce increased viscosity or gel­
ation* Obviating initial introduction of ions into solution, 
or cessation at some point, would exert a significant influ­
ence on slip viscosity by determining the number of gel-form­
ing ions contacting the algin solutions* Superloid slips 
consistently have pH* s in the neighborhood of 9*3, the value 
various investigators report as that of a saturated solution 
of ferrous hydroxide. Keltex slips generally show pH*s 
greater than 9*3. Keltex tends to form basic solutions, 
thus, even when aged in a medium in which the powders could 
corrode, the Keltex solution rapidly allows the slip to turn 
basic and stops the release of gel-forming ions into the 
alginates* Superloid solutions form slightly acid solutions, 
so they intrinsically allow a greater degree of reaction to 
o c c u r before being halted by increased alkalinity* The fact 
that the Superloid containing slips show a consistent pH 
around 9 .3 is attributed to the fact that they were acid 
enough to allow the basic corrosion reaction to occur until 
it was halted by the attainment of pH 9*3.
Seemingly contradictory are samples 9 and 10 in Fig­
ure 3 that were prepared with Superloid. They were aged in
alkaline media (11*4 and 11*8) and yet produced slips whose 
pHrs were less than 9*3 (9*8 and 9*0), Upon introduction of 
the alginates, the particles should have had insoluble coat­
ings which may have retarded the initiation of reaction and 
prevented it from proceeding to the point where its basic 
nature stifled it. Also significant is the neutralizing 
effect of the added alkalinity which would govern the magni­
tude of the reaction occurring*
The remaining anomalous behavior that requires ex­
planation is the apparent maximum viscosity, shown in Figure 4, 
exhibited by the Keltex containing slips around pH 10.0*
This cannot be explained on the basis of interaction of pow­
ders with the aging medium. Nor can it be explained on the 
basis of interaction between the powders and the medium after 
adding the alginates, since Keltex apparently fails to impart 
any acidity to the slips that promotes reaction. It is be­
lieved due to viscosity changes in the sodium alginate, rather 
than due to any interactions between constituents. Alginates 
possess their maximum viscosity in electrolyte free media. 
Viscosities decrease at high pH*s due to hydrolysis. It is 
believed that those two points represent the best balance 
between the two opposing tendencies.
Effect of phosphate additions on slips. Figure 5 























EFFECT OF PHOSPHATE ADDITIONS ON
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viscosity and pH of Keltex and Superloid slips. The effect 
on Keltex slips provides no correlation, with only the hexameta 
phosphate producing a suspension. The effect of the hexameta 
phosphate on decreasing the viscosity of Keltex slips was not 
appreciable, possibly indicative of little reaction between 
the powders and the Keltex solutions.
Phosphate additions to Superloid slips caused signi­
ficant reductions in the slips* viscosities. This indicates 
that the high viscosities possessed by Superloid slips are 
due to a large degree on interaction between the powders and 
the medium. Addition of phosphates, which form more insoluble 
compounds than the alginates, effectively precludes gel form­
ing ions from reacting with the alginates. In the case of 
Superloid, hexameta phosphate exerted the greatest effect on 
slip viscosity, followed by monosodium phosphate, and the 
least effective trisodium phosphate.
Plotted in Figure 6 is the effect of phosphate addi­
tions on the viscosity of algin solutions. The hexameta 
phosphate exerted the greatest effect on Superloid, followed 
by the tri sodium phosphate, and then the monosodium phosphate# 
In the case of Keltex solutions, monosodium phosphate appa­
rently exerted little effect on viscosity, although the values 
obtained were very erratic# Trisodium phosphate had a very 
deleterious effect on viscosity; Keltex apparently being in­














meta phosphates caused an appreciable decrease in viscosity 
of the Kelt ex solution, though an equivalent amount in Su­
per loid solutions produced approximately twice as great an 
effect*
Figure 7 shows the effect of phosphate additions on 
the pH of the algin solutions. Sodium hexameta phosphate 
caused no significant change in the pH of the Keltex solu­
tions. Both monosodium phosphate and trisodium phosphate 
altered the pH of Keltex solutions into unstable ranges.
This accounts for the erratic behavior and inability of the 
Keltex solutions to form suspensions in the presence of 
those phosphates.
Addition of the phosphates failed to remove the Su- 
perloid solutions from tolerable pH ranges. As a result, 
correlation of the effects of the three phosphates on Super- 
loid slips and solutions may be used to show the relative 
effects of the Na~ and P0^5 ions introduced by the phosphate 
additions. In Figure 8 the milliequivalents of Na~ and PO^-, 
introduced into the solutions by the phosphate additions, 
have been plotted. Na~ ions were introduced in the greatest 
amounts by the hexameta phosphate, followed by trisodium 
phosphate, and then monosodium phosphate. This is the same 
relative order in which the viscosity of the Superloid so­
lutions decreased (Figure 6). On the other hand, sodium 






weight, followed by the monosodium phosphate, and then the 
trisodium phosphate* Correlation with Figure 5 shows that 
this is the same order in which the viscosity of Superloid 
slips was effected by the phosphate additions*
Consideration of this work indicates that gel forma­
tion is of primary importance in determining the viscosity 
of slips* Addition of anions that preclude gel formation may 
be seen to decrease the viscosity of slips in order of their 
addition* If the alginates functioned as protective colloids, 
changes in slip viscosities would be expected to be in the 
same order as algin solutions* Viscosity changes in algin 
solutions, however, are a function of cation additions* Pre­
paration of slips using iron powders and alginates, then, is 
not a case of deflocculating a polydispersed system contain­
ing a protective colloid, but rather a case of controllin g 
gel forming reactions*
Effect of NaOH and HC1 on the pH and viscosity 
algin solutions* In Figure 9 a plot of viscosity of the 
prepared algin solutions is shown as a function of their pH 
values* As shown all of the alginate solutions exhibit a 
tendency to have increased viscosities around pH 5* In acid 
media alginates break down with the precipitation of insol­
uble alginic acid* Obviously this would result in lowered 
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due to precipitation of alginic acid*
At pH values greater than 6 the viscosities of JCeltex 
solutions appear to be some function of their pH* When the 
pH of Keltex solutions gets above 9*5, the viscosity-pH rela­
tion becomes erratic* At pH values greater than 11 the vis­
cosity starts to decrease rapidly, presumably due to hydrol­
ysis, the mechanism by which alginates break down in alkaline 
media. Also of interest are the two values that seemingly 
deviate at pH*s 6*5 and 7* Though drawing the curve through 
them on the basis of this data would be more by inference
than fact, they are believed to be in the proper perspective* 
17Heen presents a curve showing sodium alginates possess a 
maximum viscosity at pH 7, or in the absence of electrolytes. 
As electrolytes are added to adjust the pH, the viscosity of 
sodium alginate decreases rapidly*
Of primary significance in Figure 9 is the propensity 
of Superloid and Marex solutions to produce solutions of 
pH 5*0 to 5*5 that vary in viscosity* Also apparent is that 
the Superloid solutions possessing pHfs greater than 7 exhibit 
erratic viscosities* The values for Marex are plotted on the 
graph, but due to their random scatter no attempt was made 
to connect them*
If viscosities of the algin solutions are plotted as 
a function of pH of the water and electrolytes into which 





























EFFECT OF pH OF WATER ON VISCOSITY OF ALGIN SOLUTIONS
FIGURE 10.
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rent that their curves show more similar trends. Both Super- 
loid and Keltex show greatly decreased viscosities when placed 
in solutions of pH 10 or greater. Superloid exhibits a par­
tial break in its viscosity curve at pH 8 . The original pH 
of the water, that gave high viscosity algin solutions around 
pH 5, may be seen to be around pH 3* In creating the high 
viscosities H 4 ions were removed from solution so precipi­
tation of insoluble alginie acid probably occurred.
The viscosity of Marex solutions fails to provide a 
high maximum in acid media nor slowly decrease in basic media. 
The viscosity of algin solutions is strongly effected by the 
degree of polymerization of the individual segments of the 
polyanion. Marex solutions should be composed of much shorter 
polyanion segments since a larger concentration by weight is 
required to produce the same viscosity solutions as Keltex 
and Superloid (Figure 2). The viscosity of solutions com­
posed of smaller segnent polyanions would also be expected to 
show less variance due to alteration in shape of the individ­
ual segments. Apparently this is what happens with the Marex; 
its solution possesses approximately the same viscosity 
(400 cps) across the whole range in pH solutions until they 
break down.
Figure 11 shows pH of algin solutions as a function 
of the pH of the solutions from which they were prepared. 
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appreciable amounts of hydroxyl ions were present initially*
A detectable evolution of NH3 occurs when NaOH is added to 
Superloid and Keltex solution, so removal of hydroxyl ions is 
probably due to the ammonium ions. Figure 11 also shows that 
Marex solutions remove more hydroxyl ions than Superloid, due 
to the greater weight of Marex present*
Figure 12 shows that the pH of the Keltex solutions 
was approximately the same as the pH of the water into which 
Keltex was taken into solution. Equivalent weights of Super­
loid and Marex buffer out equivalent amounts of hydroxyl ions 
since the same curve can suffice for both samples# The ammo­
nium alginates appear to produce substantially the same pH 
solutions (5*5) and then allow a rapid rise in pH to approx­
imately 8 . From approximately 8 to 9*5 the change in pH 
follows the same course as do the sodium alginates, and the 
change in pH is a function of milliequivalents of HaOH added. 
When the pH becomes greater than 10, the pH again changes 
rapidly with increased alkalinity.
Effect of HaOH additions on powders in suspension.
In Figures 13 and 14 is shown that addition of NaOH induces 
a marked agglomeration of the powder* This is Indicative 
that deflocculation has no meaning in adjusting the pH of 
slips to decrease the viscosity.
In 1955 Suzuki, Shimizu, and Ito42 studied the aggre-
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FIGURE 12.
EFFECT OF MILLIEQUXVALSNXS OF NaOH ON pH OF ALGIN SOLUTIONS
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EFFECT OF pH ON POWDERS IN SUSPENSION
Steelmet 100, Keltex 
pH 8 . 2  
(2J50X)
Steelmet 100, Keltex 
pH 10.1 
(150X)




gation of clay suspensions by sodium alginate. They found 
that deflocculation was at a maximum when the polyanions were 
presumed to be spread out and formed a skeleton structure. 
Addition of electrolytes effected flocculation in a rather 
complicated manner. Oyama and Usui studied the effect of 
sodium alginate on sedimentation volume in terms of £ poten­
tial, viscosity, and electrical conductivity. They deter­
mined that settling rate was accelerated by the formation of 
floes caused by molecular bridging of the polyanions between 
particles, rather than neutralization of surface charges.
The mechanism of deflocculation, then, is probably 
one of suspending the particles in a skeleton-like structure 
of polyanions between particles. Addition of electrolytes 
causes a folding of the polyanions, thus drawing the parti­
cles together in floes. Deflocculation, then, has no mean­
ing with respect to decreasing the viscosity of metallic 
slips by NaOH additions.
Summary. Hausnerfs ^  relationship between pH and 
viscosity of a stainless steel-Superloid slip is shown in 
Figure 15. Though the curve follows the same course exhib­
ited by other colloidal suspensions dispersed by electro­
lytes, an attempt has been made in this work to show that 
normal colloidal concepts fail to explain observed behavior.
















Correlation between viscosity and pH value for slip 
consisting of stainless steel powder particles in 
water, containing 0.34$ Superloia, for three different 
water:metal ratios. Adapted from Hausner and Ferris; 
AEC Report NYO 8528, September 9, 1957
producing solutions of equivalent viscosities, produce slips 
differing greatly in viscosity* The significant difference 
between Superloid, an ammonium alginate * and Keltex, a sodium 
alginate, is the ability of Superloid to form and to some 
degree maintain the pH of the medium sufficiently acid to 
drive pH dependent corrosion reactions* The slips produced 
and their behavior, then* falls in the realm of gel formation 
rather than deflocculation in a polydisparsed colloidal 
system.
Deflocculation has no meaning with respect to decreas­
ing the viscosity of prepared slips by adding electrolytes* 
pH is also meaningless unless it is simply used as an indirect 
measurement of the cations added* Cation additions cause 
decreased viscosity of the slips until the medium becomes suf­




Conclusions* Criteria applicable to producing stable 
ceramic slips can not be readily applied to suspending me­
tallic particles in a reactive media* Previous investigators 
have found that alginates offer the most promise for suspend­
ing metallic powders* Colloidal aspects do not suffice in 
explaining observed phenomena in an iron-water-alginate sys­
tem* Behavior may be explained, however, in terms of the 
corrosion of iron and reaction of the alginates with the 
corrosion products*
On the basis of colloidal aspects, sodium alginate 
would appear more desirable than ammonium alginate for 
preparing suspensions* The alginates would be assmed to 
function as protective colloids by adsorbing on the surface 
of the particles by means of their charged carboxyl groups* 
The mode of stability of the algin enveloped particles could 
then be due to electrostatic repulsion of the remaining car­
boxyl groups or solvation as a result of the hydrophilic 
nature of the alginates. Addition of seme form of suspen­
sion producing agent appears necessary for the powders used* 
Their high density causes rapid sedimentation to occur and 
their particle size lies outside the colloidal range* Even 
if the powders did provide a colloidal fraction, it is
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questionable whether or not adequate suspending characteris­
tics could be induced in this manner. If suspension of the 
particles was due to solvated negatively charged algin layers 
on the particles, counter ions of Na+ should be most desir­
able in promoting stability* The presence of cations other 
than Na+ would be expected to deleteriously effect stability, 
and addition of 0 0 3= or P04- should retire them as insoluble 
or poorly ionized salts. Unfortunately, electrolytes added 
on this basis appeared ineffective in producing measurable 
or consistent results.
Ammonium alginate produced more viscous slips and more 
coherent castings than sodium alginate. This is attributed 
to the ability of the ammonium ions to remove hydroxyl ions 
from solution and produce a medium in which the powders can 
react by pH dependent corrosion reactions. Release of cor­
rosion products to the algin solutions caused increased slip 
viscosities due to gel formation. Addition of electrolytes 
to prepared slips produced somewhat erratic results. This 
should be expected since the viscosity appears due to gela­
tion, and any alteration in slip viscosities by electrolytes 
would deal with cation exchange reactions in algin gels 
rather than deflocculating a colloidal system. Addition of 
electrolytes to powders prior to adding the alginates caused 
marked, reproducible reductions in slip viscosities. This 
may be correlated with inhibiting corrosion reactions and
obviating the release of gel forming heavy metal ions to the 
alginates*
Fine powders do not appear advantageous in preparing 
metallic slips. Their small size cannot be justified on the 
basis of applying colloidal concepts and their large surface 
areas contribute to reactivity. The powders used in this 
work exhibited extremely basic reactions that were not due 
to corrosion. This alkalinity nullified possible reactions 
in Keltex solutions and minimized them in Superloid solutions 
so that green castings possessed negligible strength. Since 
green strength appears due to formation of a gel that can 
bond the particles together, purity of powders used in slip 
casting appears to be of fundamental importance.
Previous work indicated the viscosity of slips con­
taining metallic powders could be reduced by adjusting the 
pH to 10 Deflocculation does not appear to have any 
significance in explaining this behavior. Adjustment of pH 
with NaOH resulted in a marked agglcaneration of particles 
along with increased pH.
On the basis of this work it appears that alginates 
suspend the particles by forming a skeleton structure of the 
polyanions between particles. Ammonium alginates tend to 
buffer the pH of the medium at values that are reactive to 
the powders. Corrosion reactions proceed until the buffering 
capacity of the alginates is exceeded by the basic nature of
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the corrosion reaction. Upon attainment of the pH of a sa­
turated solution of ferrous hydroxide, the formation of insol­
uble corrosion products sequesters the reactants and precludes 
further liberation of gel forming ions to the alginates* The 
magnitude of the corrosion reaction determines the number of 
gel forming ions liberated to the algin solutions and conse­
quently the viscosity of the slip* Additions of NaOH causes 
a marked folding of the polyanions, agglomeration of particles, 
and reduced viscosity in the suspending medium*
Recommendations for future work* On the basis of this 
work purity of powders used for slip casting appears to be of 
primary importance. Powders should be free of any impurities 
that impart corrosion inhibiting alkalinity to the dispersing 
medium and should possess oxide free surfaces* Coarse powders 
appear desirable because their size distribution and surface 
area can more easily be controlled. The only need for fine 
fractions is in filling interstices between coarse particles 
and promoting maximum apparent density. In future work it is 
believed sedimentation tests should be considered in selecting 
powders that would produce high density green castings.
Viscosity of slips and coherency of green castings 
appear to be due to the degree of gel formation occurring in 
the slips. In future work the degree of gel formation should 
be studied on the basis of pH and the rheological behavior of
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the slips* In exhibiting a yield limit the slips do not pos­
sess viscosities of true liquids, and consideration of this 
factor appears necessary in any future work.
Though formation of a gel to bond the particles to­
gether in green castings appears desirable, it must be re­
tarded until the excess dispersing medium has been withdrawn 
by the mold, or viscosities; of the slips decreased without 
obviating gel formation in the green castings. A difference 
exists in the behavior of algin solutions with respect to 
ferrous and ferric ions. Precluding the oxidation of Fe'*"* 
to Fe+++ in the slips, might achieve this goal and should be 
considered in future work# Another factor that warrants 
future consideration is decreasing the solvation of the 
alginates in the slips. This might be a method of decreasing 
slip viscosities without agglomerating the powders, and thus 
produce high density, coherent green castings.
In preparing suspension of ferrous powders using algin 
solutions, oxidation of the powders’ surfaces appears to be 
an inevitable result. Though this does not appear to be 
prohibitivly deleterious, obviating this effect could be 
achieved by dispersing the powders in a medium in which they 
are non-reactive. By resorting to this alternative, a system 
might be attained in which colloidal concepts would apply. 
Consideration would have to be given, however, to bonding 
the particles together in the green castings.
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APPENDIX
TABLE I
EFFECT OF CONCENTRATION ON pH AND VISCOSITY 
OF ALGIN SOLUTIONS
% Solution Viscosity pH
A B A B
Keltex 0*25 85 - 75 7.2 - 7.3
0.50 320 - 320 7.4 mm 7.5
0*75 670 - 630 7.6 - 7.6
1 .0 0 1 ,2 0 0 - 1 ,2 1 0 7.8 mm 7.8
Superloid 0*85 90 * * 95 5.6 - 5.5
0.50 360 - 360 5.4 - 5.3
0.75 730 - 700 5.3 * * 5.3
1 .0 0 1,350 f t * 1,300 5.2 4 * 5.2
Marex 1 .0 0 105 - 100 5.4 mm 5.4
1.50 210 - 200 5.3 - 5.3
2 .0 0 560 - 530 5.2 - 5.2
2.50 970 mm 980 5.1 » 5.1
89
TABLE II













1 200 100 HC1 6*5- 7*1 6 .8 1*0 9.3 351000
2 200 100 HC1 7*0- 7.5 7.3 1 .0 9.8 23,600
3 200 100 HC1 7,6- 8.2 8 . 1 1 .0 9.9 14,200
4 200 100 HC1 8*6— 9*4 8.9 1 .0 1 0 .6 1 2 ,2 0 0
5 200 ICO HC1 9.5** 9*9 9.7 1 . 0 10.5 21,800
6 200 100 HCI 10.0-10.4 10.3 1 .0 10.7 2 0 ,1 0 0
7 200 100 m? <■* 10*9 1 .0 1 0 .8 15,600
8 200 100 NaOH 11.0-11.3 1 1 . 1 1 .0 1 1 . 0 1 2 ,1 0 0

























800 100 HC1 6.8- 7*5 7.1 1 . 0 9.3
200 100 HG1 7.5- 8*4 8 .0 1 .0 9.3
800 100 HC1 8.7- 9,3 9.0 1 . 0 9.4
200 100 HC1 9.1- 9.7 9.6 1 . 0 9.5
800 100 HC1 9.8-10*1 9.8 1 .0 9.4
200 100 HCl 1 0.0 -1 0 .6 1 0 .0 1*0 9.5
200 100 HC1 1 0.0 -1 0 .8 10.5 1 . 0 9.6
200 100 — — 10.7 1 . 0 9.3
200 100 NaOH 11.4-11.7 11.4 1 .0 9.8
200 100 NaOH 1 1.8-1 2 .0 1 1 .8 1 . 0 9.Q
200 100 NaOH 12.2-12.4 12.4 1 . 0 1 1 .0
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TABLE IV
















1 1.0 — 100 7*8 1,200 200 10.7 12,000
2 1.0 0.05 100 5.9 1,200 200 —
3 1.0 o.xo 100 5.8 1,130 200 — —
4 1.0 0.15 100 5.6 1,100 200 m rnm m —
5 1.0 0.20 100 5.5 950 200 rnmmm mmmm
6 1.0 0.25 100 5.4 1,160 200 •» +» •m m *
7 1.0 0.30 100 5.4 1,070 200 — —
8 1.0 0.10 100 6.2 1,180 200 — m m
9 1.0 0.15 100 5.7 1,150 200 •m  mm mm mm
10 1.0 0*20 100 5.6 1,150 200 — mm mm
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1 1.0 0*05 100 9*6 880 200 —
2 1*0 0*10 100 10.3 380 200 — —
3 1*0 0*15 100 10.s rnrnmm 200 —
4 1*0 0.20 100 11.0 «#«*» 200 mm mm mm
5 1*0 0.25 100 11.1 200 mm mm mm m
6 1.0 0.05 100 9.5 920 200 —
7 1.0 0.10 100 10.3 380 200 mm mm —
8 1.0 0.15 100 10.7 — 200 — —
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TABLE IV(Continued)

















1 1*0 0.05 100 7.7 820 200 10.7 5,600
2 1.0 0.10 100 7.8 1,000 200 •m  mm. —
3 1.0 0.15 100 7.8 240 200 — - -
4 1.0 0.80 100 7.8 200 200 — --
5 1.0 0*85 100 7.8 170 200 -- - -
6 1.0 0.03 100 7.9 880 200 10.6 5,000
7 1.0 0.05 100 7.8 700 200 — —
8 1.0 0.10 100 7.7 410 200 -- —
9 1.0 0.15 100 7.6 240 200 mm mm •»
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. (Alpin Solutions) ____(Slips)_____
1 1*0 — 100 5.3 1,300 200 9.3 47,500
2 1.0 0*05 100 5.4 1,130 200 5.4 17,000
3 1*0 0.10 100 5.2 980 200 5*2 4,000
4 1*0 0*15 100 5.1 1,100 200 — —
5 1*0 0*20 100 5.0 1,000 200 — —
6 1*0 0.25 100 4.9 980 200 — —
7 1*0 0*30 100 4.9 940 200 — —
S 1*0 0*10 100 5.3 1,140 200 5.2 5,000
9 1*0 0.15 100 5.0 1,040 200 . . .
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1 1.0 0.05 100 7.6 980 200 9.4 36,500
2 1.0 0.10 100 8.1 860 200 9.1 12,000
3 1.0 0.15 100 8.5 850 200 9.2 8,000
4 1.0 0.20 100 8.5 740 200 — —
5 1.0 0.25 100 8.5 760 200 — mm mm
6 1.0 0.05 100 7.4 1,010 200 9.4 40,000
7 1.0 0.25 100 8.6 760 200 — —
8 1.0 0.30 100 8.7 670 200 m m m.
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TABLE V(Contirmed)

















1 1*0 0.05 100 6.1 440 200 9.8 11,400
2 i*o 0.03 100 5.5 600 200 9*3 19,000
3 1*0 0.05 100 5.9 380 200 9.3 8,000
4 1.0 0.10 100 6.5 £00 200 — - -
5 1.0 0.15 100 6.6 100 200 -  -
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TABLE V I
MILLIEQUIVALENTS OF Na+ AND P04S 





















0*05 8*3 34.4 9*1 12.5 12.8 45.0
0*10 16*7 68*8 18.2 25.0 25.5 90*1
0*15 £5.0 106.2 27.3 37.5 38.3 35.1
0*20 33.4 139*6 36.3 50.0 51.0 180.2
0*25 41.7 172.0 4 5 .4 62*5 63.8 225.2
0*30 50*0 206.4 54*5 75.0 76.6 270.3
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TABLE VII
EFFECT OF NaOH AND HC1 ON KELTEX SOLUTIONS
Sample Water(cc)
pH NaOH Added 
(me)
pH Keltex me NaOH Added pH 
(gm) per gm Keltex
Viscosity
(cps)
1 200 6*5 — 6.5 1*10 — 7*6 330
2 200 6*5 0.010 8*1 1.10 0.009 8.5 320
3 200 6*5 o.oso 9.2 1.10 0 .018' 8.9 310
4 200 6*5 0.040 9.8 1*10 0.036 9*3 305
5 200 6.5 0.081 10.3 1*10 0.074 9.7 270
6 200 6*3 0 «101 10.4 1.10 0.092 9.8 280
7 200 6*4 0.161 10.6 1*10 0.146 10.2 260
8 200 6*4 0.312 10*9 1.10 0*234 10.6 270
9 200 6*5 0.635 11.2 1.10 0.577 11.0 255
10 200 6*4 1.259 11.5 1.10 1.140 11.4 220
11 200 6.4 2*519 11*8 1.10 2*290 11*7 155
12 200 6.4 5.138 12.0 1.10 4*660 11.9 85
13 200 6*5 10.276 12.2 1.10 9.340 12.0 20
TABLE VII(Continued)
EFFECT OF NaOH AND HC1 ON KELTEX SOLUTIONS
Sample Water
(cc)






1 200 6.4 — 6.4 1*10 7*5 330
2 200 6*4 0.011 5.3 1.10 7.3 335
3 200 6*4 0.022 4.2 1.10 7*0 360
4 200 6*4 0.043 3.8 1.10 6.6 330
5 200 6.4 0.086 3.4 1.10 6.1 400
6 200 6.4 0.173 3.2 1.10 5.5 500
7 200 6.4 0.346 2.8 1.10 5.0 600
a 200 6.4 0.692 2.6 1.10 4.4 525
9 200 6.4 1.384 2.3 1.10 3.9 295
ID 200 6.4 2.767 2.0 1.10 3.2 10
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EFFECT OF NaOH AND HC1 ON SUPEBLOID SOLUTIONS
Water
(cc)




me NaOH Added 
per gm Superloid
pH
200 6.5 6.5 1*10 5.5
200 6.4 0.011 8.2 1.10 0.010 5.5
200 6.4 0.020 9.2 1.10 0.018 5.5
200 6.4 0.040 9.7 1.10 0.036 5.6
200 6.4 0.079 10.1 1.10 0.072 6.0
200 6.4 0.159 10.5 1.10 0.145 7.1
200 6.5 0.317 10.8 1.10 0.288 8.0
200 6.4 0.635 11.2 1.10 0.578 8.5
200 6.3 1.270 11.4 1.10 1.150 8.9
200 6.4 2.558 11.7 1.10 2.330 9.5
200 6.4 5.126 11.9 1.10 4.660 11.2
200 6.4 10.353 12.0 1.10 9.400 12,0
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EFFECT OF NaOH AND HC1 ON SUPERLOID SOLUTIONS
TABLE VIII(Continued)





1 800 6.4 — 6.5 1.10 5.5 385
8 800 6.5 0.011 5.0 1.10 5.4 385
3 800 6.4 0.080 4.1 1.10 5.3 400
4 800 6.3 0.039 3.7 1.10 5.3 385
5 200 6.3 0.079 3.4 1.10 5.2 435
6 200 6.4 0.057 3.1 1.10 5+0 455
7 200 6.4 0.315 2.8 1.10 4.7 555
a 200 6.3 0.630 2.5 1.10 4.4 480
9 800 6.3 1.260 2.2 1*10 3*9 285
10 200 6.3 2.530 2.1 1.10 3.2 20
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TABLE XX











1 200 6.4 -— 6.4 3.50 — 5.2 395
2 200 6.4 0.009 8.3 3.50 — 5.2 400
3 200 6.4 0.018 9.3 3.50 5.2 425
4 200 6.4 0.037 9.8 3.50 0.011 5.2 395
5 200 6.3 0.074 10.3 3.50 0.021 5.5 395
6 200 6.4 0.148 10.5 3.50 0.042 5.6 390
7 200 6.4 0.297 10.8 3*50 0.085 6.3 355
8 200 6.4 0.593 11.2 3.50 0.169 7.7 390
9 200 6.4 1.187 11.4 3.50 0.339 8.2 365
10 200 6.5 2.558 11.7 3.50 0.730 8.7 405
11 200 6.5 5.126 12.0 3.50 1.460 9.1 405
12 200 6.4 10.353 12.2 3.50 2.950 9.7 410











EFFECT OF NaOH AND HC1 ON MAREX SOLUTIONS
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Water pH HC1 Added pH Marex pH Viscosity
(cc) (me) (gm) (cps)
200 6*4 — - 6.4 3.50 5.2 400
800 6.5 0.010 5.2 3.50 5.2 385
200 6.3 0.020 4.2 3.50 5.1 400
200 6.3 0.039 3.8 3.50 5.1 405
200 6.3 0.079 3.5 3.50 5.0 410
200 6.3 0.157 3.2 3.50 5.0 425
200 6.3 0.315 3.0 3.50 4.3 420
200 6.4 0.630 2.7 3.50 4.6 390
200 6.3 1.260 2.4 3.50 4.4 325
200 6.5 2.530 2.1 3.50 3.9 245
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